Abstract: Specimens for the bending tests with the chevron notch are suitable for the evaluation of the fracture energy/toughness of civil engineering materials like concrete. The main advantage of this test set-up is that no sharp pre-crack has to be introduced, because a sharp crack is formed during loading at the beginning of the test. Furthermore, no crack length measurement is required, and a stable crack growth can be reached due to chevron geometry of the notch. In this contribution a difference of the ligament area of the specimens with the straight through notch and the chevron notch was investigated. The experimental campaign was performed on the alkali activated concrete three-point bending specimens tested with straight through notch and with the chevron notch. The specimens had the same ligament area in order to quantify the influence of the chevron notch boundary conditions on the value of the work of fracture and the fracture energy.
INTRODUCTION
Usually, the fracture properties of concrete are evaluated from a recommended geometry of three-point bending test with straight through notch in the mid span of the specimen [1] . This experimental set up, which provides stable and reliable results, is acknowledged among the researchers. The need of knowledge of the fracture behaviour of concrete had arisen in recent years with the development of increasingly powerful computers, which reduces the convergence time of the numerical calculations. This fact, allowed the use of nonlinear material models of concrete in the design of important structures, more widely e.g. bridges, cooling towers, sea walls, nuclear vessels etc. However, this numerical model https://doi.org/10.21012/FC10.239758 usually uses numerous input parameters, which have to be calibrated before the beginning of the numerical analysis [2] [3] [4] [5] . Nevertheless, the value of fracture energy is always the major input parameter as it is closely related to crack initiation, which also directly influences the durability within the structure lifetime.
On the contrary, there is no agreement among researchers on the definite geometry shape which could provide the independent value of the fracture energy G f [6] [7] [8] [9] .
In this contribution the applied testing technique for evaluation of the fracture energy is the chevron-notched beam test (CNB). This experimental technique is a standardized method to evaluate fracture toughness of ceramics [10] and [11] , also used for brittle metals like bearing steel [12] or aluminium alloys [13] . Experimental bending test set-ups with specimens possessing a chevron notch have been introduced and standardized since the 1960's [14] [15] . The advantage of this test set-up is that no sharp pre-crack has to be introduced because a sharp crack is formed during loading at the beginning of the test [16] .
Furthermore, no crack length measurement is required, and a stable crack growth can be reached due to the geometry of the notch [17] [18] [19] .
In the load-displacement relations (See Fig.  1 ), the area enclosed by the response curve represents the work done by the external load to produce fracture of the specimen/beam. Suppose that the crack growth is stable, and the work done by external load is spent entirely in crack propagation. Based on the Griffith energy criterion [20] , crack growth in an elastic body in the equilibrium state is a natural process of energy transfer between the strain energy of the body and the fracture energy required for creating a new crack surface, so that a state of minimum potential energy is achieved for the system at a given load level. In the present case, the work is consumed in breaking the unnotched part of the beam's cross-section -the ligament area in front of the notch.
According to the RILEM method [1] and Karihaloo [21] [22] , for three-point bending test (3PB) on notched specimens, the work of the external force (fracture value) W F , is obtained from the complete loaddisplacement (P-d) diagram as follows: (1) The value of the specific fracture energy G F (energy needed to create a crack of unit area) can be expressed as: (2) where W F is the work of fracture calculated from eq. 1 and A lig is the ligament area.
Karihaloo in [21] and in [23] discusses various notch depth on the evaluation of the specific fracture energy G F . The notch depth has direct influence on the ligament area A lig , hence the knowledge of A lig is crucial in fracture of the brittle materials. Specimens with the same initiation length of the chevron notch has a smaller ligament area A lig,chevron compared to the standard specimens with the straight through notch A lig , therefore more specific fracture energy is needed for the fracture process. The examples of the various notch endings are shown in Fig. 3 . The straight notch is sawed by on cut in the specimen i.e. notch length is a 0 . The relative crack length is then expressed as a a 0 /W or  0 , where W is the width of the specimen (See Fig. 3(a) ). Whether in case of the chevron notches, there can be two types of notches sharp or blunt chevron notch. To produce such a notches two or more cuts are necessary. In case of sharp notch, the relative crack length is expressed by two parameters  0 and  1 . The parameter  0 express the position of the sharp end of the chevron notch, while the  1 denotes the notch length at the edge of the specimen (See Fig.  2(b) ).
In order to quantify difference of specimen's ligament area a constant value of a 0 (α 0 is then calculated as a a 0 /W, where W represents the width of the specimen) with notch angle  equal to 45° for the sharp chevron notch. This helps to identify the difference of the ligament area on the measured work of fracture W f and fracture energy G f . The definition of the cross-section with the straight through and sharp chevron notches shows Fig. 3 .
The aim of this contribution is to quantify the influence of various notches on the value of fracture energy. For this purpose, an experimental campaign was prepared on specimens with various geometry notches, but with similar dimensions, i.e. thickness, width and span. Load-displacement (P-d) curves were measured and compared for specimens with the straight through notches and chevron notches. The numerical models with model of concrete material were prepared and compared.
NUMERICAL MODEL
In order to assess the relevance of the 3PB with a chevron notch, a numerical study of a 3PB with and without the chevron notch was performed using the finite element (FE) software ATENA-science [24] [25] . For this, a three-dimensional (3D) was created with a dimension of B = 80 mm  W = 80 mm  S = 200 mm corresponding to the specimen's size in experimental tests. The beams had an initial notch length a of 24 mm corresponding to a relative crack length a/W = 0.3, an initial notch thickness t of 2 mm. The chevron notch had dimensions of a 0 = 0 mm and a 1 = 45 mm. This chevron notch ligament area has a same ligament area as a straight through notch of a/W = 0.3.
The numerical study was performed with a displacement-controlled loading applied at the top support of the studied geometry, while the bottom supports were considered as a rigid support.
The total induced vertical displacement of top support was u Y = -1 mm (u X = 0 mm) over the pseudo time step (static analysis).
Adequate boundary conditions were added to prevent rigid body translations (See Figure  4) . The numerical model was meshed with a 20-node linear hexahedral element referred as 3D beam element in ATENA's documentation. A meshed numerical model is shown in Figure  5 (a) for straight through notch and in Figure  5 A fine mesh ( Figure 6 ) with a basic element size of 5 mm was studied with refinements around the notch tip of 2 mm. This model shows a mapped mesh pattern, which was crucial to get accurate numerical results. The mapped mesh was created by using sufficient partitioning and refinement of the geometry. The details of meshed ligament area are shown in Figure 6 . The generated load against the deflection of specimen at mid span the P-d diagrams are presented in Figure 9 and in Figure 10 to give a comparison with experimental P-d diagrams.
EXPERIMENAL PROCEDURE
In order to verify the numerical simulation an experimental program was done consigning of three specimens straight through notch and two specimens with chevron notch. The experimental results are presented in what follows.
Material
Alkali activated concrete (AAC) was designed based on formerly performed tests, see e.g. [27] . The mixture composition is shown in Table 1 . The dry mass of activator was 8 % and the water to slag ratio was 0.45. Sodium water glass and potassium hydroxide First A. Author, Second B. Author and Third C. Coauthor were combined to reduce efflorescence (see [28] ) and an appropriate silicate modulus of activator (M s = 0.67 or mass ratio (K 2 O + Na 2 O) / SiO 2 is 60/40). This composition of activator is convenient in terms of both setting and strengths. Naphthalene based plasticizer was also used for better workability of the mixture. The cone flow of the mixture was 600 mm. To test the mechanical properties, 150 mm cubes and 150 mm diameter and 300 mm height cylinders were prepared -see Table 2 . All the specimens were carefully enveloped with PE-foil (to prevent moisture exchange with the environment) and stored outside the laboratory (temperature ≈ 5 -25 o C for 28 days).
From the point of view of mechanical properties, the AAC shows a low early strength, but over time the values of compressive strength increase and ultimately reach relatively high values. Compared to ordinary Portland cement-based concrete of similar strength, the AAC shows a significantly lower value of modulus of elasticity -see also [30] .
Geometry and dimensions
The specimens for the experimental testing had dimensions of 80 mm  80 mm  220(200) mm (width W  thickness B  length L (span S)). The notches have been prepared with diamond saw with a thickness of approx. 2 mm. The machine for tests has a maximum loading capacity 200 kN. The speed of the induced displacement of the upper support was equal to 0.025 mm/s. The experimental set up is shown in Figure 7 .
In total five specimens were experimentally tested to evaluate the work of fracture W f and fracture energy G f and to quantify the influence of the different notch type. The specimens 1-3 had straight through notch, while the specimens 4 and 5 had chevron notch. The dimensions of notches prepared by diamond saw with thickness of 2 mm are presented in Table 3 . These notches dimensions had been chosen to have same ligament area for both notch types, in order to normalize its influence on the fracture energy G f.
The damaged specimen's ligament area is presented in Figure 8 . 
RESULTS AND DISSCUSION
Firstly, the quantification of the measured value of work of fracture W f and the fracture energy G f is presented and then the comparison of the numerical and experimental P-d curves measured on 3PBT specimens with and without chevron notch made from the AAC material are presented in what follows.
Load-displacement curves
The experimental P-d diagrams for the straight through notch shows les stiff response (drop in post peak branch) than the chevron notch specimens. The numerically generated P-d curves shows major difference with experimental ones. Nevertheless, the similar observation of higher stiffness for the specimen with chevron notch can be drawn. The comparison of numerically generated and experimentally measured P-d diagrams is shown in Figure 9 for straight through notch and in Figure 10 for chevron notch specimens. 
Work of Fracture and Fracture Energy
The work of fracture W f was evaluated using Simpson's rule from experimentally measured P-d curves. From this a fracture energy Gf was calculated as a W f /A lig for each specimen. Overview of measured W f and G f is shown in Table 4 , while the comparison of average W f and G f is shown in Table 5 . From Table 5 a similar observation can be drawn as from P-d diagrams, that the chevron First A. Author, Second B. Author and Third C. Coauthor notched specimens give a difference in measured G f of 7.5 %. This effect should be taken into account in evaluation of fracture energy from specimens with chevron notches as the fracture energy is one of the main parameter inputs in the non-linear structural analysis. Similar trend could be seen in [30] , where experimental results of fracture behavior of specimens with different cross sections are available. It was obtained more ductile behavior for specimens with trapezoidal sections (with increasing width) and for inverted T-sections and in [31] , where the thickness effect on the fracture energy of cementitious materials based on a local fracture energy concept was shown/approved.
CONCLUSIONS
The influence of the various notch type for similar thickness on the value of the fracture energy was studied in both directions: numerically and experimentally. In total, two types of notch in span of three point bending 3PB test specimen had been investigated e.i straight through notch and chevron notch. From above presented results the following conclusions can be drawn.
The notch type directly influences an overall response of the 3PB specimen i.e. the specimen with chevron notch is stiffer than the specimen without the chevron notch. This has been verified by numerical model and experimental measurement. The notch directly influences the value of fracture energy. In was shown that the type of energy is influenced by difference limited to 8%.
To verify these drawn conclusions more into detail a new experimental measurement with various notch depths will be performed to give comprehensive results. 
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